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Abstract : Recent advances in sensor technologies and the steep decline in the cost of
developing and operating sensor networks have led to an explosion of environmental
applications. Real-time telemetry access to the environmental monitoring data produced by
these sensor networks can now provided reliably and cheaply. However development of the
institutional and administrative structures that turn this torrent of real-time data into
information that informs decisions is more challenging - examples of successful sensor
network projects that support decision-making at the basin-scale level are few. In this paper
some of the challenges faced in making sensor networks an integral part of river basin
management are described using an example from the San Joaquin River Basin of California.
The San Joaquin River is an impaired water-body and one of the most regulated in the nation.
An innovative alternative to EPA’s TMDL (Total Maximum Daily Load) pollutant control
policy is being investigated which relies on forecasting salt assimilative capacity in the River
in real-time and coordinating salt load discharge and diluting flow releases, in response to
these forecasts while meeting downstream water quality objectives. The paper discusses key
elements of real-time water quality management which address the technology (sensors,
telemetry, visualization, databases, quality assurance procedures); information dissemination
and technology transfer to stakeholders including decision support procedures; and cost
containment strategies for long-term system deployment. In the paper one important set of
stakeholders – the managers of seasonally drained wetlands - are singled out to clearly
illustrate the impediments and adaptive solutions to this ambitious basin-scale project. Unique
features of the project include the monitoring technologies chosen to accurately measure
highly variable flows in irregular channels and some of the data quality assurance challenges
that have ensued. Also the institutional differences between State, Federal and private wetland
management that need to be recognized in the choice of software that helps to transform field
data to information that can be used to guide decisions. The paper also discusses the concept
of project assurances and how these are factored into the adaptive management conceptual
model being followed to realize long-term project goals.
Keywords: TMDL, sensor networks, real-time water quality management, wetlands, drainage,
salt

1. INTRODUCTION
The last decade has heralded significant advances in the quality and accuracy of environmental
sensors. The market has been penetrated by large numbers of small specialty firms that have
recognized the enormous market potential for these devices given public demand for safe
drinking water and environmental regulation of non-point source polluters. The entry of these
new companies has increased competition, driven down the cost of sensor deployment and
improved sensor reliability. More recent advances have introduced web-enabled sensor
networks and smart sensors, capable of stopping, starting and performing elementary control
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functions based on simple logic. A decade ago this technology was the domain of firms
specializing in industrial control systems or in SCADA (Supervisory Control and Data
Acquisition).
Environmental applications have lagged industrial and irrigated agriculture applications largely
on account of the significant investments required and the technical know-how required for
ongoing operations and maintenance. However, recent environmental policy in the United
States directed at non-point source pollution, such as the Total Maximum Daily Load (TMDL),
has encouraged watershed stakeholder groups whose operation generates much of the nonpoint source pollutant loads to consider real-time data acquisition and decision support
technologies. The TMDL is defined as the maximum amount of a pollutant that a water body
can receive and still meet water quality standards. The TMDL is typically the sum of the
Waste Load Allocation (the total daily load of a contaminant from point sources entering the
water body allocated among individual point sources), the Background Loading (naturally
occurring loading of the contaminant) and also commonly includes a Margin of Safety (an
additional allocation to account for parameter uncertainty). TMDL’s are best implemented
taking a “watershed approach” with its emphasis on holistic watershed planning and
coordination with other watershed activities affecting water quality. In this paper some of the
challenges in implementing a basin-wide TMDL in a complex river basin are described using
the example of the San Joaquin River Basin of California. The San Joaquin River which
provides the only drainage for the Basin is an impaired water-body and one of the most
regulated in the nation. An innovative alternative to the prescribed TMDL pollutant control
policy has been investigated for almost a decade – this approach relies on forecasting salt
assimilative capacity in the River in real-time and developing the capacity for scheduling and
coordinating discharges of saline drainage to the River, in response to these forecasts, to
improve compliance with water quality standards, set a downstream compliance monitoring
station.
2. ENVIRONMENTAL REGULATION
2.1 Salt Management in the San Joaquin Basin
The State of California charges government entities overseen by Regional Water Quality
Control Boards (RWQCB) to regulate and enforce water quality objectives in the surface
waters of the State. These water quality objectives are defined in the Water Code as “… the
limits or levels of water quality constituents or characteristics which are established for the
reasonable protection of beneficial uses of water or the prevention of nuisance within a specific
area.” Beneficial uses include an anadromous salmon fishery, riparian diversions to agricultural
crops and avian wildlife resources. Federal and State environmental regulations do not always
concur in the United States although federal regulations typically define the minimal level of
compliance – States’ can promulgate stricter standards which they sometimes are able to
enforce. The TMDL for salinity in the 80,000 square kilometre San Joaquin Basin, California
relies on the typical formulation which is based on a design flow condition equivalent to the
10% hydrologic low-flow condition, a factor of safety and an allowance for inter-annual
variation. Because of the extremes in design flows typical of an arid zone river basin, the
design flow restriction produces a TMDL which is very restrictive in allowable salt loading.
During all but wet years, the TMDL would allow no salt loads to be discharged to the River
above the compliance point during the irrigation season months of June, July and August when
irrigation applications are highest and the need for drainage most acute. The TMDL also
constrains drainage from approximately 60,000 hectares of managed seasonal wetlands in the
Basin which provide wetland habitat to migratory waterfowl on the North America Pacific
Flyway. Habitat is managed to mimic pre-development hydrologic conditions when native
grasslands were inundated by spring flood-flows from east-side tributaries to the San Joaquin
River. Constraints on seasonal drainage could impair the long-term sustainability of this
important wildlife resource.
Recognizing the potential negative socioeconomic impact of the salinity TMDL on the San
Joaquin River Basin, the RWQCB (CEPA, 2002) introduced a unique variant to the standard
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TMDL formulation popularly known as “real-time water quality management” (RTWQM).
This strategy has the potential to allow more export of salt load once implemented however it
also requires the development of a watershed-wide, RTWQM system to continuously monitor
assimilative capacity and prevent violation of salinity objectives at the downstream compliance
monitoring station. Operation of the RTWQM system will require the formation of an
institution charged with oversight of the design, installation and management of real-time flow
and water quality monitoring stations. This institution would also be responsible for running
simulation models of the basin to continuously forecast salt assimilative capacity and provide
decision support for scheduling and coordination of saline drainage export to the San Joaquin
River. A Management Agency Agreement was recently signed between US Bureau of
Reclamation (the federal water agency that provides water supply Basin irrigators and wetland
managers) and the State RWQCB as a first step towards providing the framework for such an
institution. This agreement also sets a timetable for RTWQM implementation and helps to
guide and prioritize federal funding of the first phase of activity.

2.2 Seasonal Wetland Drainage Salt Management
Although the wetland resources of the San Joaquin Basin are protected under the Endangered
Species Act wetland discharges of salt load are conjoined with agricultural salt loads in the
legislation that provides the RWQCB with the authority to regulate non-point source pollution
(CRWQCB, 2002). The 50,000 hectare Grasslands Ecological Area constitutes the largest
contiguous wetland in the State of California and is comprised State and Federal wildlife
refuges and privately managed seasonal wetlands. These lands serve as important overwintering habitat for waterfowl on the Pacific Flyway and provide sport for the State’s duck
hunters. These wetlands are flooded in the autumn, starting in early September, and drained in
the early spring, typically between February and April in order to mimic the natural flooding of
the San Joaquin River prior to irrigation development. Seasonal wetland drawdowns are timed

Figure 1. San Joaquin River salt assimilative capacity showing short periods in April and May
2001 when salt load discharged from the North Grassland Water District (drainage
outlets for private wetlands within the Grasslands Ecological Area) exceeds river
salinity objectives. Period of annual seasonal wetland drawdown coincides with
downstream agricultural diversions for salt sensitive crops.
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to make seed and invertebrate resources available during peak waterfowl and shorebird
migrations and to correspond with optimal germination conditions (primarily soil temperature)
to grow desirable moist-soil plants. The seeds produced by these moist-soil plants are
recognized as a critical waterfowl food source, providing essential nutrients and energy for
wintering and migrating birds (Fredrickson and Taylor 1982).
Wetland releases that contain high salt loads during the months of March and April coincide
with agricultural pre-season irrigation to propagate plant seedlings. Saline water can inhibit
germination and reduce crop yields. Better coordination of agricultural and wetland releases
with reservoir releases of good quality snow-melt water on the east-side of the San Joaquin
River Basin has been suggested as a means of improving San Joaquin River water quality for
all beneficial uses (Quinn et al., 1997; Quinn and Karkoski, 1998). Management of wetland
drainage, through scheduling of releases to coincide with periods of San Joaquin River
assimilative capacity, is being evaluated relative to potential biological impacts of changes to
traditional wetland management practices. This evaluation will identify potential impacts to
seed germination rates, waterbird foraging rates, habitat availability, and species diversity and
abundance brought about by manipulating wetland drawdown schedules. Drawing down
wetlands earlier than optimal would be timed to coincide with assimilative capacity provided
by rainfall runoff. Wetland drainage can be delayed to coincide with prescribed reservoir flow
releases to benefit fish migration that are made between April 15 and May 15 each year (shown
as the large step increase in river assimilative capacity in Figure 1).
The institutional constraints to wetland real-time water quality management differ between the
state, federal and private entities that make up the Grassland Ecological Area. The state and
federal refuges and private wetlands all have different priorities with respect wildlife diversity
and species of migratory waterfowl that they wish to attract – wetland drawdown schedules can
affect moist soil plant germination success and the ability of native grasses to compete with
weeds that have little benefit either as overwintering habitat or forage. However since the state
and federal refuges are public resources - decision making is highly centralized and
management priorities are set by the Refuge Manager and are implemented by refuge staff.
Private duck clubs, of which there are 160 in the Grassland Ecological Area, have their
management priorities set by the board of directors of each club – these management priorities
differ between duck clubs and more from those in the state and federal refuges. For example,
certain duck clubs graze cattle during the spring months both for income and as a means of
controlling propagation of undesirable vegetation. As a consequence these wetlands drain early
so as to start cattle grazing once the soils have dried sufficiently. The Grassland Water District,
which supplies water to each of these 160 duck clubs, manages a more dynamic system with
many decision makers. The management priorities of these various stakeholders have
implications for the design of the environmental monitoring system network and decision
support software that continuously processes data from the stations that comprise the
monitoring system network.

2.3 Environmental Monitoring System Design
To be eligible for the excursion from typical TMDL requirements mandated by the RWQCB,
the state, federal and private entities that comprise the Grasslands Ecological Area must
coordinate their drainage schedules not only among themselves but also with agricultural and
municipal stakeholders within the River Basin to: (a) take advantage of periods of assimilative
capacity in the San Joaquin River; and (b) limit salt loads discharged when assimilative
capacity is impaired. The environmental monitoring system must be capable of : (a) providing
each entity with the means of continuously quantifying salt loads contained within the many
wetland impoundments that comprise the total area under management; (b) supporting daily
decisions making concerning allowable salt export; and (c) providing the means of regulating
these drainage discharges. Quantitatively assessing salt loads for more than 1,500 seasonally
managed wetland impoundments within the Grasslands Ecological Area will require portioning
the managed wetland are into sub-catchments – the outlets from which should become part of
the monitoring network. The number of monitoring stations must be carefully designed to
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provide critical information to support decision making without overwhelming the resources of
entity responsible for water and drainage management. Since real-time water quality
monitoring stations have only been operated in the Grasslands Ecological Area for a period of
five years – enhancements to the existing monitoring network should be made incrementally.
Simulation models of wetland hydrology, models of open water evaporation and wetland moist
soil plant evapotranspiration will be needed to extrapolate monitoring station data to the entire
area under management. The state and federally owned wetlands in the Grassland Ecological
Area are aggregated according to their hydrology into separate wildlife management areas each
with their own water supply facilities and drainage outlets. In one of the wildlife management
areas all drainage return flows collect in a terminal pond which is maintained as a permanent
wetland. Such a configuration greatly simplifies monitoring requirements and enhances the
ability to regulate discharge of salt loads to the San Joaquin River from a single point. This
configuration also lends itself to future automation where a screw gate could be raised and
lowered in response to dynamic assimilative capacity allocations provided by a centrallymaintained salinity forecasting model. Implementation of RTWQM may require modifications
to the design of the existing drainage network which might involve a greater level of
cooperation and coordination than currently exists and possible use of shared facilities.

3. COMPONENT ELEMENTS OF REAL-TIME WATER QUALITY MANAGEMENT
3.1 Continuous Water Quality Monitoring
Monitoring and the collection of accurate, meaningful data is the most difficult and frequently
under-budgeted part of watershed water quality management. Continuous monitoring
augmented by periodic discrete sampling of both flow and water quality are necessary to
achieve a scientifically valid estimate of salinity loading (Jarrell, 2003). Salinity is measured as
specific conductance or electrical conductivity – a measure of the ionic content of the water
that is closely correlated with the total dissolved solids (TDS). Because different waters
contain different dissolved ions - the relationship between EC (deciSiemens/cm) and TDS (in
parts per million) can vary between 0.55 and 0.95 for common waters. EC is multiplied by 0.75
for the conversion to TDS for water discharged from the Grasslands Ecological Area. Readings
of EC must be corrected to compensate for the increase in ionic activity with temperature.
Flow measurement in an area such as the Grasslands Ecological Area is challenging owing to
the frequent low rates of discharge from wetlands ponds that can vary from 0.002 m 3/sec
during the flooded season to 2 m3/sec for short periods during wetland drawdown. Outflow
from these wetlands is typically controlled using concrete culverts with sliding weir boards
which are imprecise owing to the small differences in weir stage and the potential error
introduced by earth tides and atmospheric pressure variations. Weir boards were replaced with
v-notch weirs were tried in an attempt to improve the accuracy of measurement at low flow –
these were unpopular and keeping track of adjustments in weir height became unwieldy and
irritating for water managers. The best results have been obtained with acoustic Doppler flow
sensors – the technology chosen manufactured by MACE Inc. (Australia). These flow sensors
were attached to a 2 meter length of channel iron which was fixed in place at the bottom of
each drainage culvert using a T-brace at the upstream end. Each flow sensor is polled every 15
minutes by a MACE data collection platform that has connectivity to a YSI-EcoNet monitoring
network.

3.2 Sensor Network Platform
YSI-EcoNet (YSI Inc., 2005) is a sensor network platform that uses both radio and cellular
telemetry to produce a low-cost, easy to use distributed system of flow and water quality
sensors with a link to a centralized database that allows real-time access to the data via the
world-wide web (Figure 2). The wireless mesh network topology allows "point-to-point" or
"peer-to-peer" connectivity and creates an ad hoc, multi-hop network. The mesh network is
self-organizing and self-healing – hence loss of one or more nodes does not necessarily affect
its operation. This increases the overall reliability of the system by allowing a fast local
response to critical events in the rare event of a communication problem. Radio telemetry is
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used for communication between individual data nodes, which report drainage water flow,
temperature, electrical conductivity, and salt load at each monitoring site every 15 minutes, and
a master node which relays this data to the NIVIS Data Center on the east coast of the United
States. The NIVIS Data Center provides real-time web access to all current and past data. The
system allows point and click access to current monitoring data at a particular Data or Access
Node within the network. Maintenance of the monitoring network can now focus on monthly
sensor quality assurance checks including cleaning of sensors and checking the accuracy of
gauge stage data from which flow is determined. The YSI-EcoNet website can be customized
to restrict access to certain more sensitive data – such as flow totals or computed salt loads.
Because the data is uncensored – problems at a site could produce alarming numbers that might
be used against the stakeholders politically. However, despite this potential concern, the
provision of real-time access to environmental data has had significant impact on stakeholders
and wetland managers. It has provided the first educational feedback on the effects of certain
management on water quality and has proved a low cost and effective way of communicating
to State water quality regulators that Basin salinity problems are being addressed in a proactive
manner. The YSI-EcoNet sensor network configuration is fully programmable through the
website and the user interface is sufficiently user-friendly to allow sensor configuration and
network maintenance to be performed by project stakeholders. Local ownership of the
technology from the onset has an important factor in the progress made toward RTWQM.

3.3 Real-Time Data Quality Assurance
Real-time data is always considered to be “preliminary” until the data has undergone quality
assurance checks and has been verified against gauge records or discrete samples. Until
relatively recently software to assist with the process of providing continuous quality assurance
of monitoring data has been lacking as have data management software packages specifically
designed for dealing with time series data. We are in the process of implementing Aquatic
Informatics Inc.’s Aquarius time series software for streamlining and eventually automating
the data downloading, error checking, error correcting and validated data web posting. Some
of the key features of the Aquarius software is its open architecture and object structure
allowing customized “whiteboarding” of data processing, standardization of data flagging, data
correction algorithms and data interpolation. With the next release of the software YSI-EcoNet
will be a sub-object within the data import object of the software allowing direct time series
data downloading from the NIVIS Data Center. This will allow full automation of the data
processing function and direct reporting of validated data to stakeholders, addressing the earlier
limitation of only making total flow and salt load data available to water agency stakeholders
and project participants.

3.4 Information dissemination and technology transfer to stakeholder groups
Connectivity of monitoring network resources is enhanced with standardization of sensors,
data collection platforms, telemetry, database and data processing functionality. One of the
significant challenges for RTWQM will be real-time data acquisition from water districts,
refuges, municipalities and other entities that have their own closed flow and water quality
monitoring systems owing to concerns with data security. For a RTWQM monitoring network
to work effectively the network database should be refreshed daily with flow and water quality
data that are automatically uploaded to a central workstation where the simulation model
running continuous forecasts of San Joaquin River assimilative capacity is physically located.
The formation of a stakeholder-led entity that has primary responsibility for maintaining the
monitoring station network, making routine forecasts of San Joaquin River assimilative
capacity and controlling daily salt loading to the San Joaquin River will have secondary
benefits by promoting the transfer of technology between stakeholders and providing
assurances to stakeholders who may be concerned about information sharing with government
regulators. Recent experience with selenium regulation from agricultural drainage sources in
the San Joaquin Basin has provided an excellent exemplar for future full implementation of
RTWQM. In the selenium regulation example (Grasslands Bypass Project) monthly and
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annual selenium load targets were determined for the watershed by a agency-led stakeholder
committee – a local water district representing landowners whose farms produced the selenium
drainage being regulated assumed responsibility for a network of monitoring stations, invested
in drainage recycling technology, ran accounting models to keep track of annual and monthly

Figure 2. System architecture linking field monitoring stations with the NIVIS Data Center
which stores, maintains and serves real-time flow and water quality data on public
and private websites (YSI EcoNet manual, 2005).
selenium loads and managed all drainage outlets to the San Joaquin River. Except for two ElNino years of exceptionally high rainfall the water district was able to consistently meet
selenium load targets using individual drainage sump totalizing meters and a knowledge of
irrigation schedules to forecast drainage flows and selenium drainage loads. Extending this
model to RTWQM in the San Joaquin Basin suggests that coordination is best achieved and
stakeholder assurances more likely provided by subdividing the Basin into drainage
management areas that coincide with stakeholder coalitions since these groups are best suited
to representing the interests of their stakeholders.

3.5 Salt Assimilative Capacity Simulation and Forecasting
Watershed management of salt loads under RTWQM requires simulation of current flow and
water quality conditions in the San Joaquin River and the ability to make short-term (2 week)
forecasts of salt assimilative capacity. River salt assimilative capacity forecasting is performed
using a watershed-based flow and water quality mass balance model WARMF-SJR (an
outgrowth of previous river water quality simulation models, Pate,2001; Kratzer et al., 1987).
WARMF-SJR is a GIS-based, public-domain, watershed simulation model that has been used
extensively for TMDL planning (Herr and Chen, 2006). WARMF-SJR performs flow and salt
load mass balance calculations of all inputs and diversions to the San Joaquin River between
the upstream boundary at Lander Avenue downstream to the Vernalis salinity compliance
monitoring station, located approximately 100 km downstream. The hydrological model
simulates percolation of irrigation water through soil, evapotranspiration of water through
crops, change of groundwater table, agricultural return flow, and groundwater accretion to the
river reaches. River salt assimilative capacity forecasting requires prior knowledge of same
data inputs used to perform the flow and water quality simulations. In the case of reservoir
releases these are highly deterministic during certain times of the year when the federal
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government purchases water supply to aid fish migration in the San Joaquin River and its
major tributaries. However, outside of these periods, model forecast input data must be
gathered from stakeholders and rely on professional judgement and experience. The WARMFSJR model has the capability of simulating watershed processes to calculate flows and nonpoint source loads of pollutants from various land uses (urban, forested, and agricultural areas).
The watershed simulator within WARMF is used to make daily assimilative capacity forecast
in the absence of stakeholder projections of flow and water quality input parameters.

Figure 3. WARMF-SJR flow and water quality forecasting model. Interactive map allows
point and click access to all input data in a Microsoft Excel TM format. Model
hindcasts can be checked against real-time monitoring data using this interface.
Model output can be exported to a graphical user interface which provides easy
access to assimilative capacity forecasts and shows those portions of the River that
are in compliance with salt load targets.
Work is underway to provide a forecasting input data resource module that will support the
WARM-SJR salt assimilative capacity forecasting process. Daily forecasts currently use the
previous week’s real-time monitoring data as a training “hindcast” period, which permits
validation (and occasional calibration) of model input parameters and then project ahead for a
period of two weeks. An initial forecast is typically performed using input data from the
historic record for “like hydrologic conditions” – the forecasting input data resource module
will allow the forecaster to scan the database for similar year conditions and guide model data
substitution. Meteorological forecasts can be used to overwrite hydrological input data during
the winter rainy season using the watershed process module. The module provides rainfall
runoff estimates and provides projections of surface drainage and short-duration groundwater
accretions. The goal of the module development is to allow the WARMF-SJR forecasting
model to be used effectively by all stakeholders, even if they have little expertise in San
Joaquin Basin hydrology. The use of the module will promote adaptive learning – developing
the user’s experience with time.
Model salt assimilative capacity forecasts have been disseminated in a number of formats –
web posting of the forecasts have been shown to be the most effective means of reaching the
majority of stakeholders. An interactive user interface was developed to provide a visual
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display of two week forecast – viewers can step through each day of the 14 day forecast and
can see those reaches of the River that are out of compliance with daily salt load allocations
and with the salinity objective at the Vernalis monitoring station. In the future, with the
establishment of a central authority for managing San Joaquin River water quality, salt load
allocations would be made routinely by this entity – the entity would also have responsibility
for setting reach-by-reach salt load targets and for monitoring compliance with these daily salt
load allocations.

3.6 Decision support for seasonal wetland salt load scheduling
Customized decision support tools are needed by stakeholders to perform salt management
accounting within the local watershed and which will assist scheduling of salt load export. The
tools, if they are to be used effectively, should be developed with the active participation of the
water manager in charge of drainage scheduling. A prototype wetland water quality model
(WWQM) was developed for the Grassland Water District in the Grasslands Ecological Area
which tracks salinity changes in the wetland impoundments on a daily time-step over the
winter season and incorporates user-defined schedules for wetland drawdown in the spring
months. Input data for the WWQM include soil properties, land classifications, pond sizes,
crop evapotranspiration (ET) coefficients, water supply and drainage quantity and quality,
precipitation, wind velocity, water and soil temperatures. San Joaquin River assimilative
capacity forecasts are supplied by the WARMF-SJR model and the proportion allocated to the
Grassland Water District (which has yet to be determined) would be used to determine the
need to withhold drainage discharge. In hydrologically wet and normal years there may be
little need to manipulate drainage schedules. To improve salt load management and control
individual wetland impoundments within the District were lumped using a GIS delineating the
contributing subareas to five real-time drainage monitoring sites on the northern boundary of
the District. This allowed salt loading to be updated continually during the winter and
drawdown period without overwhelming the end user with information.
Under RTWQM water managers could delay the drawdown of certain wetland impoundments
within each drainage subarea to control salt export to fall within the allocated portion of daily
River assimilative capacity. At the present time drawdown of a wetland impoundment is
initiated by pulling weir boards at the outlet, once a wetland starts to drain the boards are rarely
replaced until drainage is complete. In the future weir boards at major outlets may be replaced
with powered gates which could be controlled remotely using existing YSI-EcoNet technology
with the addition of modular controller circuit boards. Over the longer term drainage
scheduling decisions could be directly tied into the WWQM.

4. SUMMARY
Implementation of the RTWQM concept in the San Joaquin Basin is a unique and ambitious
attempt to address some of the deficiencies of the EPA’s TMDL policy which tend to be overrestrictive in arid watersheds and hence make sub-optimal use of the Basin’s water resources.
RTWQM requires Basin-wide real-time monitoring of both flow and water quality, simulation
and forecasting of River salt assimilative capacity and the dissemination of these real-time
forecasts to allow stakeholders opportunity time to curtail their exports of salt load so as not to
exceed their allocations. An institutional entity will be formed over the next several years to
manage this new strategy for Basin-level water quality management. This paper has described
current progress towards meeting this ambitious goal and has described some of the decision
support tools currently in service and those that have yet to be fully developed. Integration of
the various modelling and decision support tools while providing an open architecture to allow
decision support tools to be customized to match the unique needs of individual stakeholders
will be one of the more significant challenges to be overcome in the next 5 years.

52

NWT Quinn / Integration of sensor networks and decision support tools for basin-scale, real-time water quality
management

5. ACKNOWLEDGEMENTS
Funding for the research described in this paper comes from various sources including the
California Department of Water Resources, US Bureau of Reclamation, State Water Resources
Control Board and the CALFED Bay-Delta Program. Special thanks to Ric Ortega and Lara
Sparks at the California Department of Fish and Game, David Widwell at Grassland Water
District, Ernie Taylor at the California Department of Water Resources, Lee Mao and Gene
Lee at the US Bureau of Reclamation and Jim Martin at the California Regional Water Quality
Control Board who are working with the author on implementation of the RTWQM concept.

6. REFERENCES
California Environmental Protection Agency. Total Maximum Daily Load for Salinity and
Boron in the Lower San Joaquin River. Staff report by the Regional Water Quality
Control Board, Central Valley Region. Sacramento, CA. 2002.
Fredrickson, L.H.,and T.S. Taylor. Management of seasonally flooded impoundments for
wildlife. Resource Publication 148. U.S. Dept. of the Interior, Fish and Wildlife Service,
Washington, D.C. 1982.
Jarrell W.M. Watershed Monitoring for Watershed Planning and TMDL’s. Available online at
: www.ysi.com/watershed-tmdl . 2003.
Kratzer, C.R., P.J. Pickett, E.A. Rashimawi, C.L. Cross, and K.D. Bergerson. An Input-Output
Model of the San Joaquin River from the Lander Avenue Bridge to the Airport Way
Bridge”, Technical Committee Report No. N.Q. 85-1. State Water Resources Control
Board, Sacramento, CA. 1987
Pate, T. DSM2 San Joaquin Boundary Extension : in Methodology for Flow and Salinity
Estimates in the Sacramento-San Joaquin Delta and Suisun Marsh, 22nd Annual Progress
Report to the State Water Resources Control Board. Department of Water Resources,
Sacramento, CA. 2001.
Quinn, N.W.T., and J. Karkoski. Real-time management of water quality in the San Joaquin
River Basin, California. American Water Resources Association, Vol. 34, No. 6. 1998.
Quinn, N.W.T. and W.M. Hanna. A decision support system for adaptive real-time
management of seasonal wetlands in California. Environmental Modelling and Software,
Volume 18, Issue 6, ppg. 503-511. 2003.
Herr, J. and C. W. Chen. San Joaquin River Model Calibration Report. CALFED project ERP02D-P63. San Ramon, CA 94583. 2006.
Quinn, N.W.T., L.F. Grober, Jo-Anne Kipps, C.W. Chen, and E. Cummings. Computer Model
Improves Real-Time Management of Water Quality, California Agriculture, Vol. 51, No.
5, pp. 14-20. 1997.
Yellow Springs International Inc. EcoNet Systems operations Manual, Yellow Springs, OH
45387. 2005.

53

